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In a molecular dynamics study of water based nanofluids, we show that a hydration layer is formed
at the particle-fluid interface, where the attraction or cohesive potential between the liquid molecules
is dominant. In the hydration layer, the collision mode rather than the kinetic or potential mode is
primarily responsible for the enhancement of thermal transport properties in nanofluids, as it results
in more interactions. The thermal conductivity for a wetting particle is found to be higher than for
a neutral or a nonwetting particle. © 2009 American Institute of Physics. doi:10.1063/1.3270003
The interface between a solid and liquid or solid and
solid is a study of great interest since the surface can either
provide thermal barrier or thermal enhancement. The inter-
facial resistance, also called the Kapitza resistance, arises
due to the difference in phonon spectra between the two
phases. Nanocrystalline materials with large Kapitza resis-
tance and grain boundaries less than 40 nm can decrease the
thermal conductivity severalfold and provide a thermal
barrier.1 Quite the opposite application of enhancing thermal
conductivity can be found in nanofluids. When nanoparticles
are suspended in water, a hydration layer is formed around
each particle. When there is a strong bonding between the
solid and liquid atoms at the interface, the Kapitza resistance
is lower. The hydration layer scatters the incoming and the
outgoing phonons, and influences the interface characteris-
tics, and increases the nanofluid thermal conductivity. Mo-
lecular dynamics MD study has shown evidence of the hy-
dration layer;2,3 however, there was no conclusive evidence
from their work that the altered thermal transport properties
of the layered liquid caused the enhancement in thermal con-
ductivity. Earlier,4 we showed that Brownian motion ac-
counts for up to 6% increase in thermal conductivity by ran-
dom walk motion and not diffusion, and that this increase is
limited by the maximum concentration and is less than that
predicted by effective medium theory. Beyond the maximum
limit, we showed that particle aggregates begin to form, as
originally proposed using Monte Carlo simulations.5 The ob-
jective of this work is to revisit the hydration layer theory
and confirm its existence through a MD simulation and offer
reasons for its contribution to higher conductivity. The sec-
ond objective is to understand the effects of surface wetta-
bility of nanoparticle on the thermal conductivity of nano-
fluids.
Previous studies6–9 involving MD simulation of nano-
fluids have considered simplistic Lennard-Jones LJ poten-
tial to model the interactions between solid-solid, liquid-
liquid, and solid-liquid atom pairs. Table I shows a list of the
MD simulation studies performed on nanofluids and the in-
teraction potentials used in each of them.6–11 In this work,
liquid water is modeled as a flexible bipolar molecule using
the flexible 3 center F3C model.12 This model maintains
the tetrahedral structure of the water molecule and allows the
H–O–H bond bending and O–H bond stretching modes,
thereby mimicking the motion and interactions between real
water molecules. As a first step, a simple two body LJ po-
tential is used to model the solid nanoparticle. In addition,
each atom in the nanoparticle is connected to its first
neighbors by finite extensible nonlinear elastic FENE
bonding potential,11 UFENE= k /2Ro
2 ln1− r /Ro2, rRo,
where Ro=1.5 and k=30.0 /2. The LJ parameters8 of Cu
are used for the solid particle. A simple two body LJ poten-
tial is used to model the solid-fluid interactions, with the
LJ parameters calculated from the Lorentz–Berthelot
mixing rule.13 The thermal conductivity is calculated by
combining the linear response theory with equilibrium mo-
lecular dynamic simulation Green–Kubo formulation13.
The thermal conductivity is calculated using the time
integral of the heat current autocorrelation function, 
=1 /3kBVT20q0 ·qtdt, where  is the thermal conduc-
tivity, V is the system volume, T is the system temperature,
kB is the Boltzmann constant, and q is the instantaneous heat
flux14 vector as given by
qt = 
j
v j	 12mivi2 + 12
i
ijrij
 + 12 
ij,ij
rijfij · v i
− 
j
v jh .
The third term on the right hand side consisting of the mean
instantaneous enthalpy h arises because of the definition
of the heat current in a binary system, where heat and mass
are coupled. The mean enthalpy h is calculated as the sum
of average potential energy, average kinetic energy, and av-
aElectronic mail: rnkumar@mail.ucf.edu.
TABLE I. MD simulation studies of nanofluid SS, LL, and SL refer to
solid-solid, liquid-liquid, and solid-liquid, respectively.
Ref. Potential used
Volume
concentration
Conductivity
enhancement
1 6 LJ for SS, LL, SL 10% ¯
2 7 LJ for SS, LL, SL Xe–Pt 0.8% 35%
3 8 LJ for SS, LL, SL Ar–Cu 8% 52%
4 9 LJ for SS, LL, SL Ar–Cu 1.5% ¯
5 10 LJ-FENE for SS, LJ for LL, SL 3.3% 2.5%
6 11 LJ-FENE for SS, LJ for LL, SL ¯ ¯
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erage virial terms per particle of each species.
To validate the F3C model, 216, 343, 512, 729, and 1000
water molecules were used in a series of simulation at
300 °K temperature and 1 atm. pressure. A good match with
the experimental thermal conductivity of 0.61 W /m K was
obtained for these runs. The second step in the validation
involves the calculation of thermal conductivity of liquid ar-
gon which was compared with that of Vogelsang et al.15 at
state point defined by the dimensionless temperature and
number density as T=0.73 and =0.8442. The MD tool
was separately validated for liquid argon and water only sys-
tems and an excellent match in thermal conductivity was
found between calculations and measurements.
The simulation domain in our MD simulation consists of
one nanoparticle surrounded by tetrahedral water molecules.
Periodic boundary conditions are applied in all directions
which implicitly conserve mass and momentum in a MD
simulation and mimic a three-dimensional nanofluid system.
The 1 nm nanoparticle consists of 44 atoms and the 2 nm
nanoparticle consists of 360 atoms. The nanofluid simula-
tions were run at a system temperature of 300 °K and pres-
sure of 1 atm, and the simulation domain size was varied
with the number of water molecules to maintain a density of
1 g /cm3. MD time step of 0.1 fs was used and fifth order
predictor-corrector method was used to integrate the equa-
tions of motion.
The system was first equilibrated in the NVT ensemble
for 5105 time steps. In the equilibration period, the system
temperature was kept constant using the velocity scaling
method. After the equilibration period, the temperature con-
straint was removed and the system was allowed to evolve in
the NVE ensemble for 106 time steps. In this period, the heat
current was calculated and the Green–Kubo correlation was
used to calculate the thermal conductivity of the nanofluid
system. The effect of particle volume fraction on nanofluid
thermal conductivity is presented in Fig. 1. The thermal con-
ductivity increases almost linearly from 0.705 to
1.101 W /m K for concentration from 1% to 5.1% for the 1
nm particle, as seen in previous studies.7,8
The total heat flux is written as the sum of three terms of
kinetic, potential, and collision7 as q =qK+qP+qC. From the
heat current autocorrelation function in the Green–Kubo cor-
relation, this will give rise to three main modes of thermal
conductivity, namely, KK, PP, and CC, along with the cross
components, indicated by KP, PC, and KC Fig. 2. Collision
is the dominant mode of the thermal conductivity due to the
motion of the water molecules that are densely packed
around the particle. This collision mode is also responsible
for increasing the thermal conductivity at higher concentra-
tions. This observation is in contrast to the observation of
Eapen et al.7 that the increase in thermal conductivity with
increasing volume fraction comes from the potential mode,
arising from the strong cross interaction between Xe and Pt.
In our study, Lorentz–Berthelot mixing rule was used to cal-
culate the LJ parameters for the solid-liquid cross interaction.
The motion and interaction of the liquid and solid atoms
at the atomic scale is the cause of all macroscale properties
of any material, including the enhanced thermal conductivity
of nanofluids. By using the atomic position data at various
time steps the mean square displacement MSD can be cal-
culated for the liquid and solid molecules. Comparison of the
MSD of liquid molecules in the base fluid and in the nano-
fluid can give an insight into the thermal transport mecha-
nism in nanofluids. MSD of liquid molecules in the 1%
nanofluid is approximately 1.1 times higher compared with
that of the base fluid. MSD of liquid atoms in nanofluid at
various volume concentrations is consistently higher com-
pared with the base fluid. An increase in MSD and diffusion
coefficient was reported in the presence of nanoparticles
without the hydration layer formation.8 Both MSD and ther-
mal conductivity increase with increasing volume fraction of
the nanoparticle. MSD for various nanofluids shows that
there is a significant increase in the movement, and hence the
displacement of the liquid molecules due to the presence of
solid nanoparticle. This enhanced movement will eventually
mean that the liquid molecules undergo more frequent inter-
actions, and hence transport more energy. This is accentuated
by the fact that there are additional liquid molecules close to
the nanoparticle Fig. 3. Since these liquid molecules are
more closely packed than other liquid molecules away from
the particle, the attraction or cohesive potential between the
liquid molecules is dominant. This further establishes the
fact that the collision mode in the thermal conductivity is
dominant in nanofluids.
This layer of liquid molecules at the particle-fluid inter-
face is also called the hydration layer. The density distribu-
FIG. 1. Color online Thermal conductivity vs volume concentration for
1 nm particle.
FIG. 2. Color online Thermal conductivity contribution by various heat
current modes.
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tion of liquid atoms around the nanoparticle using the trajec-
tory data shows the presence of the hydration layer Fig. 3.
The simulation domain is divided into multiple concentric
spherical shells around the nanoparticle and the number den-
sity of liquid molecules is calculated in these spherical
shells. The density of water is high near the surface of the
nanoparticle at least up to 0.5 nm away for both 1 and 2 nm
particles, which is consistent with the observation made by
Li et al.9 High MSD of water molecules near the particle
surface is due to increased interaction between the solid and
liquid atoms near the surface, which results in higher trans-
port of energy in the nanofluid.
The interactions we have considered thus far are for neu-
tral surfaces. In order for nanoparticles to stay in colloidal
suspension, chemical dispersants are used. To get further in-
sight into the particle behavior, the effect of surface wetta-
bility of a nanoparticle is studied next. To understand this
effect, the strength of the attractive force between the solid
and fluid atoms is varied. The cr−6 term in the LJ potential
determines the attraction force between a pair of atoms, and
varying this constant will vary the strength of solid-liquid
attraction force:11 usf =4sf /r12−c /r6. A value of c
1 would indicate less attraction force between solid-liquid
atoms for a nonwetting particle, and c1 indicates a higher
attraction force for a highly wetting particle. The value c is
varied from 0.25 to 1.25 in this study to model a range of
wetting properties and to simulate varying Kapitza resistance
at the solid-liquid interface. High c translates to lower
Kapitza resistance and a low c value gives a higher Kapitza
resistance.11 The nanofluid thermal conductivity increases as
c is increased, i.e., the thermal conductivity is higher for
a wetting particle compared with a nonwetting particle
Fig. 4. When there is a strong interaction between the solid
and liquid atoms at the interface, the Kapitza resistance is
lower,11 and it creates a dynamic interface around the nano-
particle that facilitates the exchange of energy between solid
and liquid atoms.
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FIG. 3. Color online Relative number density distribution around the
nanoparticle as a function of distance from the nanoparticle surface. FIG. 4. Thermal conductivity vs particle wettability increasing c indicateshigher wettability.
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